A surfactant-horseradish peroxidase complex was prepared with a nonionic surfactant by utilizing water-in-oil emulsions. The complex was readily soluble in anhydrous benzene in which it proved to be an excellent biocatalyst for the oxidation of o-phenylenediamine using H 2 O 2 or tert-butyl hydroperoxide as oxidants.
Introduction
Recently, peroxidases have been utilized in several practical applications such as polymerization of phenols (Dordick et al., 1987) , depolymerization of lignin or coal (Blinkovsky et al., 1994) and the removal of phenols from waste water. In particular, horseradish peroxidase (HRP) has been widely applied as an effective biocatalyst. Organic synthesis via HRP-catalyzed reaction is usually conducted in a mixture of a hydrophilic organic solvent and an aqueous buffer solution. Therefore, the reaction proceeds in a biphasic system. Although the heterogeneity in the reaction might decrease enzymatic activity and the increase in the ratio of a hydrophilic organic solvent often causes the inactivation of enzymes, the use of an anhydrous organic solvent has actually extended the application of this enzyme. Furthermore, it has been demonstrated that the solubilization of enzymes in organic media could be advantageous in the depolymerization of lignin or coal.
In order to achieve a homogeneous system, enzymes should be solubilized in organic media. Several attempts to achieve this goal have been reported, viz: through chemical modification (Takahashi et al., 1984) and ion pairing with a surfactant (Meyer et al., 1996) . Surfactantcoated enzymes have also been noted to be soluble and active in a wide range of organic solvents (Goto et al., 1994) , though, few studies in this regard have included the HRP. The first report concerning the HRP solubilization in organic media involved the polyethylene glycol-modified HRP which was found to be active and soluble in benzene (Takahashi et al., 1984) . However, the chemical modification of the enzyme is known to be complicated particularly with regard to complete securement of a target product (i.e. modified biocatalyst).
Our recent work was focused on the new and simple preparation method for surfactant-enzyme complexes using water-in-oil (W/O) emulsions (Okazaki et al., 1997) . The modified enzyme called surfactant-enzyme complex which was prepared after the novel method above differs significantly from the surfactant-coated enzymes both in chemical characteristics and degree of activity owing to their different preparation techniques. In the present study, the surfactant-HRP complex was prepared by using the W/O emulsions followed by direct freezing and lyophilization without prior centrifugation nor filtration. This is the first report showing the catalytic activity of surfactant-HRP complex in anhydrous, homogeneous benzene.
Materials and methods

Materials
Horseradish peroxidase (> 100 units/mg) was purchased from Wako Pure Chemicals Industries, Ltd. and used without further purification. The substrates and a solvent employed in this work were obtained commercially with the following analytical grades: o-phenylenediamine (> 98% purity, Tokyo Chemical Industry Co., Ltd.), 30% H 2 O 2 (Mitsubishi Gas Chemical Co.), 5.0-6.0 M anhydrous decane solution of tert-butyl hydroperoxide (t-BuOOH, Aldrich Chemical Co., Inc.), benzene (Kishida Chemical Co., Ltd.). Benzene was dried with 30 nm molecular sieves prior to use (water content was 35 mg/L measured by Karl Fischer potentiometric titration using a Mitsubishi moisturemeter model CA-05). The nonionic surfactant dioleyl glutamate ribitol amide (2C 18 ⌬ 9 GE) was synthesized as described by the previous paper (Goto et al., 1994) .
Preparation method for surfactant-HRP complex The novel preparation method for the surfactant-HRP complex utilizing a W/O emulsion as follows (Okazaki et al., 1997) : the 10 mL aqueous solution of HRP (5 g/L, pH 7.0, 100 mM potassium phosphate buffer containing KCl 100 mM) and the 30 mL toluene solution of the surfactant (10 mM) were mixed with a homogenizer (Ultra-Turrax T25, Junkel & Kunkel) at 13500 r.p.m. for 3 minutes. Stable W/O emulsions were formed. The emulsions were poured into a roundbottom flask (100 mL), followed by rapid freezing in liquid nitrogen and lyophilized in a freeze-drying machine (FD-5N, EYELA) for 24 hours. A light brown solid was obtained, and the sample was employed as the surfactant-HRP complex. The yield of the complex was 100% (because all enzymes were entrapped in water phase of emulsions and recovered as a solid after freezedrying) and the enzyme content in the complex was 10.8 wt%. The surfactant-coated HRP was also prepared with the conventional method (Kamiya et al., 1996) . UV-vis spectra of native HRP in phosphate buffer (pH 7.0) and the modified HRPs in homogeneous benzene solution were recorded spectrophotometrically.
Measurement of catalytic activity in benzene
Before the oxidation of o-phenylenediamine was conducted with t-BuOOH, 2.5 mL of a 20 mM solution of o-phenylenediamine in benzene and 0.5 mL of about 0.55 M solution of t-BuOOH in decane were mixed in a quartz cell for UV measurement. The oxidation reaction was started by addition of 200 L of the surfactant-HRP complex benzene solution (0.11 M) at room temperature. In the case of hydrogen peroxide, 2.5 mL of a 20 mM solution of o-phenylenediamine in benzene and 0.5 mL of the saturated solution of hydrogen peroxide in benzene (about 2 mM) were mixed and the reaction was started by the addition of 200 L of the surfactant-HRP complex benzene solution (11 M). The preparation of the saturated solution of hydrogen peroxide in benzene and the determination of its concentration were carried out according to the previous report (Mabrouk, 1995) . The initial oxidation reaction rates o-phenylenediamine was determined spectroscopically by measuring the absorbance at the wavelength of 470 nm (Takahashi et al., 1984) .
Results and discussion
In this study, we have initiated two terms, surfactantcoated HRP and surfactant-HRP complex to make a distinction between the different preparation methods. First of all, the surfactant-coated HRP was prepared using the conventional method (Goto et al., 1994; Kamiya et al., 1996) . Although in the surfactant-coated HRP a white solid was obtained (recovery yield: 31 wt %), the apparent Soret band of HRP could not be detected when the solid was dissolved in benzene. Actually, little oxidation activity in benzene was observed even if a large amount of the solid was added. This result suggests that almost all the HRP was not converted to the surfactant-coated enzyme. In retrospect, surfactant-coated lipases have been prepared before by applying the conventional method (Goto et al., 1994; Kamiya et al., 1996) . It is understood that lipases work at lipid-water interface, and hence it is possible that this conventional preparation method might be suitable for only such an enzyme. On the other hand, the surfactant-HRP complex which was prepared according to the novel modification method utilizing W/O emulsions (Okazaki et al., 1997) The relationship between HRP structure and reactivity in organic media has been well-studied via spectrophotometric analyses because the enzyme has a structural marker being the active site heme group. This intrinsic property of HRP may be useful in the characterization of the modified HRP solubilized in organic media. Figure 1 shows the UV-visible spectra of native HRP and the surfactant-HRP complex with the same enzyme concentrations in aqueous phosphate buffer (pH 7.0) and benzene. The benzene homogeneous solution facilitates spectrophotometrical analysis of the complex in soluble form. The absorption below 350 nm is attributable to surfactant molecules which have a double bond in the hydrophobic tail (Goto et al., 1994) . The HRP complex in benzene showed an absorption spectrum which was a little different from that of native HRP in a phosphate buffer solution; the characteristic Soret band at 403 nm in an aqueous solution was shifted to 411 nm in benzene. This red shift suggests that the prosthetic group remained with the apoprotein even if HRP was modified with surfactant molecules and solubilized in benzene. However, the decrease in absorption intensity at 411 nm indicated that the microenvironment of the active site of HRP could be altered by the solvent environment in the soluble form. The solvent-induced decrease in the Soret band intensity was also observed in PEG-modified HRP system in neat benzene (Mabrouk, 1995) .
